THE JOURNAL OF

PHYSICAL CHEMISTRY

H, Adsorption on Cu(l)-SSZ-13

@ Cite This: J. Phys. Chem. C 2018, 122, 540-548

pubs.acs.org/JPCC

Bahar Ipek,*"{i’.‘t’” Rachel A. Pollock,® Craig M. Brown,”* Deniz Uner,II and Raul F. Lobo"*

"Center for Catalytic Science and Technology and *Department of Chemical and Biomolecular Engineering, University of Delaware,

Newark, Delaware 19716, United States

¥National Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United

States

IChemical Engineering Department, Middle East Technical University, 06800 Ankara, Turkey

O Supporting Information

ABSTRACT: We report H, adsorption capacities reaching

0.05 wt % at 303 K and at 1 atm H, pressure on solid-state
CuCl-exchanged [Al]-SSZ-13 and [B]-SSZ-13 zeolites. Differ-
ential heat of H, adsorption is found in the range between 16
and 48 kJ mol H, ' on Cu(I)-SSZ-13 at 323 K and isosteric
heat of adsorption is found between 20 and 55 kJ mol H, ™" on
Cu(I)-[B]-SSZ-13 at temperatures between 293 and 323 K.
Strong interactions between H, and the copper cations in

Cu(I)-SSZ-13 are evidenced using Rietveld refinements of

neutron powder diffraction patterns revealing Cu—deuterium
(D,) distances of 2.3(2) and 2.41(1) A. A temperature-
dependent Cu(I) migration—away from the six-membered
ring (6MR) and eight-membered ring (8MR)—is related to
the high adsorption capacities of the samples at 303 K. At 10 K,
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H, Adsorption Sites on Cu-SSZ-13

access to Cu(I) at 6MR is sterically hindered by framework oxygen atoms (Cu—Og,meworx distance of 2.196(5) A), rationalizing
the low H, adsorption capacities of Cu(I)-SSZ-13 samples as compared to Na-SSZ-13 at 77 K.

1. INTRODUCTION

The identification of environmentally benign sources of energy
for transportation and other uses has become a crucial problem
given the increasing role of climate change and diminishing oil
and gas global reserves. Using H, as the energy carrier in fuel
cell vehicles has the potential to revolutionize the trans-
portation sector provided that efficient storage barriers are
resolved. Today, commercial fuel cell electric vehicles use 700
bar compressed H, storage tanks as onboard storage systems.
The ultimate goal in these vehicles is to develop onboard
systems with a targeted H, storage capacity of 5.5 wt % (40 gy,
Lsystem_l) at near-ambient temperatures and pressures under
100 bar to achieve a driving range greater than 500 km." Using
nanoporous adsorbents as H, storage materials could result in
safer and economical H, storage when compared to com-
pressed vessels (~700 bar) or cryogenic temperature storage
(<20 K) by allowing operation at more moderate conditions.
Furthermore, physisorption onto nanoporous materials could
supply rapid adsorption kinetics and reversibility, critical
properties of good H, storage materials.

Activated carbons™’ and metal—organic frameworks
(MOFs)*™® having high surface areas (up to 6240 m* g™' on
MOF 210)° can achieve H, storage capacities as high as 8.6 wt
% at cryogenic temperatures (and at pressures up to 120 bar).5
H, uptakes on MOFs, however, currently do not surpass 1.5 wt
% at ambient temperatures (100 bar).” While high surface
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areas and pore volumes—as in MOFs and activated carbons—
are essential for H, adsorption at high H, pressures (30—120
bar) and at cryogenic temperatures (~77 K),"'® H, adsorption
capacity was directly related to the heat of H, adsorption at
lower pressures'’ and at ambient temperature.''

With no dipole and a relatively small quadrupole moment
(221 x 107 C m™),"” strong hydrogen interaction with the
porous adsorbents at ambient conditions depends on the
presence of strong polarizing centers. These strong polarizing
centers are open metal species in MOFs and extra-framework
cations in zeolites and they are the main adsorption sites for
hydrogen. On MOFs, one of the highest binding energies
reported is 12.3 kJ mol™' g (with an observed H, bath-
ochromic shift about 135 cm™" in its vibrational frequency) on
Co,-mdobdc and Ni,-mdobdc."? Cu(I)-exchanged zeolites, on
the other hand, result in H, adsorption enthalpies between
—73 and —39 kJ mol H,™! and v(H—H) bathochromic shifts of
about 1000 cm™'"* on Cu(I)-ZSM-S," resulting in increased
adsorption capacity at ambient temperature.

The strong interaction between H, and Cu(I) cation on
Cu(I)-exchanged zeolites has been explained as the additive
effects of the zeolite framework oxygen atoms and electron
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back-donation from Cu(I) to H,. The framework oxygen
atoms, to which Cu(I) cation coordinates, theoretically
increase Cu (3d,) orbital polarization and reduce Cu(I)—
zeolite repulsion which favors Cu(I) (3d,) — H, (%) back-
donation.'®'” The theoretical binding energy between H, and
Cu(I) adsorption centers in a chabazite framework has been
estimated to be between 13 and 56 kJ mol H,™" by Solans-
Monfort et al.'”” These values are lower than the experimental
heats of adsorption found on Cu(I)—ZSM-5"° and are closer
to the calculated optimum heat of H, adsorption of —22 to
—25 kJ mol H, " for maximum H, delivery from zeolites.'®
Despite the shown potential of Cu(I)-SSZ-13 for H,
adsorption at ambient conditions, there is no experimental
report detailing it.

In this report, samples of Cu(I)-SSZ-13 with different Si/Al
ratios have been prepared by solid-state CuCl exchange at
various temperatures and investigated for H, adsorption at
both cryogenic and ambient temperatures. The interaction
strength of H, and the prepared zeolites has been investigated
using various techniques including microcalorimetry and
powder neutron diffraction. As estimated by theory, Cu(I)-
exchanged SSZ-13 type zeolites showed differential heat of
adsorption values between 48 and 16 kJ mol™" resulting in an
improved H, adsorption capacity (per g of adsorbent) up to
0.05 wt % at a temperature of 303 K and a pressure of 1 atm.

2. EXPERIMENTAL SECTION

2.1. Zeolite Synthesis and lon Exchange. SSZ-13 with
Si/Al = 6 was prepared hydrothermally as reported by Pham et
al.'"” A mixture of 10 g of sodium silicate solution (Sigma-
Aldrich, 26.5% SiO,; certain commercial equipment, instru-
ments, and materials are identified in this document. Such
identification does not imply recommendation or endorsement
by the National Institute of Standards and Technology nor
does it imply that the products identified are necessarily the
best available for the purpose), 0.32 g of NaOH (Fischer
Scientific, > 98%), and 24 g of deionized water was stirred
using a magnetic stirrer for 15 min at 298 K. Subsequently, 1 g
of Na—Y (Zeolyst CBV100, Si/Al = 2.47) and 1.6 g of N,N,N-
trimethyl-1-adamantanammonium iodide were added and
mixed for 30 min. The white solution was then transferred
to a 43 mL Teflon-lined autoclave (Parr) and heated at a
temperature of 423 K (under autogenous pressure) for 6 days
while the autoclave was tumbled at a rate of 45 rpm. The
crystallization product was vacuum filtered and washed with
200 mL of deionized water three times. The recovered solids
(2—3 g) were dried at 353 K for 12 h (in air, Fisher Scientific
Isotemp Lab Oven) and were calcined in static air at a
temperature of 833 K for 8 h using a benchtop muffle furnace
(Thermolyne) at a heating rate of S K min~". The resulting
zeolite is denoted Na/H-SSZ-13/6. (Sample names are given
in M-SSZ-13/xx format, where M represents the cation type
and xx represents the Si/Al ratio.)

SSZ-13 with Si/Al = 12 was prepared by stirring 11.81 g of
tetraethyl orthosilicate (Sigma, >98%), 23.58 g of NN,N
-trimethyl-1-adamantanammonium hydroxide (Sachem Inc.,
25 wt %, TMAdaOH), and 2.13 g of deionized water for 2 h at
298 K. After a clear solution was obtained, 0.6S g of aluminum
triethoxide (Sigma-Aldrich, 97%, Al(OEt);) was added slowly
and stirred for another 2 h until a final gel composition of 1
$i0,/0.035 Al,0,/0.5 TMAdaOH/20 H,0 was obtained."’
The mixture was then transferred to Teflon-lined autoclaves
and heated to a temperature of 423 K under static conditions
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for 7 days. The resulting crystals were recovered using a
centrifuge (International Equipment Company, Centra MP4,
4000 rpm for 6 min), washed with deionized water (200 mL
for 1 g of zeolite) three times, and dried at 353 K for 3 h (in
air, Fisher Scientific Isotemp Lab Oven). The zeolite product
was calcined in static air using the same conditions used for Si/
Al = 6. The resulting zeolite is denoted H*-SSZ-13/12.

[B]-SSZ-13 was synthesized using the protocol reported by
Regli et al”® Samples of 8.961 g of N,N,N-trimethyl-1-
adamantanamine hydroxide (Sachem Inc., 25 wt %, TMA-
daOH), 17.5 g of deionized water, and 0.215 g of H;BO;
(Sigma-Aldrich, >99.5 wt %) were stirred at room temperature
for 30 min until a homogeneous mixture was obtained. Then
2.613 g of fumed silica (Cabot Corp., Cab-o-sil M-S) was
added to the mixture and stirred for an additional 1 h. The
homogeneous mixture was then transferred to a Teflon-lined
autoclave (Parr, 43 mL) and heated at 433 K for 6 days with a
rotation rate of 75 rpm. The solid product was vacuum filtered,
washed with deionized water, and dried at 353 K for 12 h. The
as-made product was then calcined at 833 K for 8 h using a
heating rate of 3 K min~". The resulting zeolite is H*-[B]-SSZ-
13.

NH,"-ZSM-5 was obtained following the synthesis and ion
exchange procedures reported by Yun et al.”'

2.2. Ammonium Exchange. NH,*-SSZ-13 was obtained
by exchanging 1 g of calcined Na/H-SSZ-13/6 in 500 mL of
0.2 M NH,NO; (Sigma-Aldrich, > 99%) aqueous solution.
The solution was stirred for 3 h at a temperature of 353 K for
ion-exchangeand then the zeolite was filtered, washed with S00
mL of deionized water, and dried at a temperature of 353 K in
air for 4 h. This exchange procedure was repeated three times.

2.3. Na* Exchange. NH,*-SSZ-13 was exchanged with Na*
in 500 mL of a 0.1 M NaNO; (Sigma-Aldrich, >99%) aqueous
solution at a temperature of 353 K for 3 h to obtain Na-SSZ-
13. The samples were vacuum filtered and washed with
deionized water as described in NH," exchange. Na-SSZ-13
samples (Si/Al = 6 and Si/Al = 12) were compared to Cu(I)-
SSZ-13 samples as described below.

2.4. Solid-State CuCl Exchange. Cu(I) exchange was
carried out using solid-state CuCl exchange of H*-SSZ-13 in a
quartz flow reactor (Figure S1). A sample of NH,"-SSZ-13 was
dried under vacuum (<67 Pa) at 363 K for 12 h to ensure no
water vapor remained inside the zeolite pores. After the dry
weight was measured, dehydrated NH,*-SSZ-13 (300—400
mg) was placed inside a quartz flow reactor having 30 mm
diameter and 210 mm length. The temperature of the system
was increased to 833 K with a heating rate of 2 K min~". To
heat the reactor, a ceramic radiant full cylinder heater from
OMEGA (CRFC-26/120-A) and a temperature controller
(Cole Parmer, Love controls 16A) were used. The ammonium
groups of NH,"-SSZ-13 were thermally decomposed (eq 1) to
give H'-SSZ-13 at 833 K under flow of 50 cm® min™' He
(Keen Gas, 99.999%) flow for 10 h. After the sample was
cooled to 373 K, the gas inlet and outlet of the reactor were
sealed using close-ended Ultra-Torr vacuum fittings and the
reactor was transferred to a dry argon glovebox. A
predetermined amount of CuCl (Sigma-Aldrich, 97%),
estimated to give Cu(I)/H" = 1, was dried at a temperature
of 353 K under vacuum conditions (<67 Pa) for 12 h and then
mixed with the H"-SSZ-13 inside the glovebox using a mortar
and pestle for S min. The zeolite and CuCl mixture was placed
back into the reactor and the reactor was transferred to the
synthesis setup and connected to He without being exposed to
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oxygen or water vapor. The quartz reactor was heated initially
to 573 K with a heating rate of 2 K min™" and the temperature
was maintained at 573 K for 6 h to allow Cu(I) exchange (eq
2). HCl vapor was carried out of the reactor under continuous
50 cm® min™' He flow.

He, A
NH,* — $8Z-13 —25 H* — $SZ-13 + NH, (1)

" He, A
H" — S§Z-13 + CuCl —— Cu(I) — SSZ-13 + HCl
)

The height of the bed containing the zeolite and CuCl
mixture in the reactor did not exceed S mm to ensure uniform
exchange. After 6 h of reaction, the samples were heated again
to a temperature of 823 K (heating rate of 2 K min™") for 10 h
to remove any adsorbed CuCl from the sample. Cu(I)-ZSM-S
was also obtained starting from NH,"-ZSM-S using the
method described above. The Cu-[B]-SSZ-13 sample was
treated at 823 K for 9 h. Another Cu(1)-SSZ-13/6 sample was
Cu(I)-exchanged at 833 K for 8 h under SO cm® min~" He
flow, then the temperature was increased to 1023 K at a
heating rate of 1 K min~" and kept at 1023 K for 9 h to further
reduce the Cl content. The resulting Cu(I)-zeolite samples
were transferred to the Ar glovebox and stored there prior to
characterization and testing.

2.5. Analytical Methods. Samples (exposed to air) were
characterized by powder X-ray diffraction using a Phillips
X'Pert diffractometer equipped with a Cu Ka source (1 =
1.5418 A). The diffractograms were obtained over the 26 range
of § to S0° using a step size of 0.01°. X-ray diffraction (XRD)
patterns were also obtained by mixing 0.005 g if standard
silicon powder with 0.02 g of zeolite. Measured diffractograms
were corrected using Si (111) peak position of 28.465° at 4 =
1.5418 A (Si lattice spacing: 5.4307 A) and analyzed using
CelRef Unit-Cell Refinement software,”> where the unit cell
parameters of a rhombohedral unit cell system with a space
group R3m were refined for the sodium- and copper-exchanged
zeolites.

The elemental composition of samples was determined by
Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) technique in Galbraith Laboratories, Knoxville,
TN. The elemental composition was also obtained using
Energy Dispersive X-ray spectra (EDX) with electrons
generated using a JEOL JSM 7400F electron microscope
operating with an accelerating voltage of 15 kV and a current
of 10 uA.

The textural properties of the Cu(I)-exchanged zeolites were
determined using Ar (Keen Gas, 99.999%) adsorption at a
temperature of 77 K and using a Micromeritics ASAP 2020
surface area and porosity analyzer since Cu(I)-zeolites bind
nitrogen gas (N,) strongly even at room temperature (80 kJ
mol™! for Cu(1)-ZSM-5).”* Na-SSZ-13 samples were charac-
terized with N, (Keen Gas, 99.999%) adsorption at 77 K after
being dehydrated at a temperature of 623 K for 6 h under
vacuum (total pressure ~67 Pa). Cu(I)-exchanged zeolites, on
the other hand, were vacuum activated at a temperature of 698
K for 6 h. The free space volume was measured using He
(Keen Gas, 99.999%) before the analysis. The samples were
evacuated (at 0.27 Pa) at room temperature for 2 h in order to
fully evacuate He from the pores prior to adsorption
measurements. The temperature of the sample during
adsorption and free space measurements was set to 77 K
using a Dewar filled with liquid N,.

542

The micropore volume of the prepared samples was
calculated using statistical thickness method (t-plot)** and
Harkins and Jura™ thickness equation over the thickness range
between 3.5 and S A.

2.6. H, Adsorption Experiments. H, adsorption
measurements were carried out using ultra-high-purity-grade
H, (Keen Gas, 99.999%) and a Micromeritics ASAP 2020
instrument. Na-SSZ-13 and Cu(I)-exchanged (powder, ~150
mg) were pretreated at 623 and 698 K, respectively, for 6 h in
vacuo (67 Pa, at the degas port of Micromeritics ASAP 2020
instrument) prior to H, adsorption to eliminate water or other
adsorbates. The sample containers were backfilled with Ar at
room temperature after the degassing was completed. After the
sample containers were transferred to the analysis port, the
zeolites were further evacuated at a temperature of 698 K for
1S min to completely desorb Ar. Evacuation at 0.27 Pa
continued for 45 additional minutes at room temperature. Free
space volume measurement was performed as explained in the
pore volume characterization section. During the adsorption
experiments and free space measurements, the temperature of
the samples was controlled using liquid N, (77 K) filled Dewar
or an ethylene glycol—water mixture bath. The temperature of
the ethylene glycol-water mixture was controlled using a
temperature controller (LAUDA Alpha RA 12).

H, adsorption isotherms were obtained for pressures
between 0.01 atm (1.3 kPa) and 1 atm (101.3 kPa). The
absolute H, adsorption amounts were reported in mmol H,
per gram of zeolite. The excess H, adsorption amounts for
tested samples were calculated using eq 3

9, =49~ Py (3)

where gq., is the excess H, adsorption amount (mmol H,
Gueolte ), q is the absolute adsorption amount (mmol H,
Gueolite ), P is the bulk density of H, at adsorption pressure
and temperature (0.03913 mmol cm™ at 303 K and 1 atm),
and V, is the pore volume of the adsorbent, which was
determined experimentally.

2.7. Microcalorimetry Measurements. Differential heat
of adsorption measurements were conducted on a Setaram C-
80 Tian—Calvet calorimeter coupled to the multiport high-
vacuum Pyrex glass manifold backed by a turbo molecular
pump (Pfeiffer, TMH 065) and a diaphragm pump (Pfeiffer,
MVP 015).%° The pressure was measured by a pressure gauge
(mks Baratron Capacitance Manometer) in the range of 1.3—
133.3 kPa. Approximately 200 mg of air-exposed Cu(I)-SSZ-13
was loaded into the Pyrex sample cell and inserted into the
sample port of the microcalorimeter. The sample was treated
in situ at 523 K (using a heating rate of S K min™") for 13 h
and cooled to 323 K under vacuum before the free space
measurement. The free space inside the sample cell and the
sample was calculated by dosing 18.3 kPa of He (Oksan, >
99.9%) inside a known volume of 152 mL and then expanding
it to the sample cell at 323 K. After the sample was degassed at
323 K for 1 h, differential heats of H, adsorption were
measured by introducing 1.7—22.7 kPa of H, (Oksan, >99.9%)
into the sorption chamber at 323 K. Since the increments of
gas were added to the sample cell by opening the valve
between the dosing cell and the sample cell for each loading,
the gas inside the dosing cell expands while the gas inside the
sample cell is compressed by the incoming gas. Therefore, the
differential heat of adsorption value must be corrected by
subtracting the released heat related to this expansion and
compression. To estimate the heat due to the expansion and
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compression, an empirical relationship between Q,, (the extra
heat term in J) and AP (the pressure difference between the
dosing cell and the sample cell) was obtained by dosing H,
into the empty sample cell (see the Supporting Information).

2.8. Powder Neutron Diffraction (pND) Experiments.
pND experiments were conducted on instrument BT1, the
high-resolution diffractometer, at the National Institute of
Standards and Technology Center for Neutron Research,
Gaithersburg, MD. The wavelength was selected using a
Ge(311) monochromator with an in-pile 60’ collimator (4 =
2.0787(2) A). Patterns were collected using 32 He detectors
over the 20 range of 1.3—166.3° with 0.05° step size. Cu(I)
SSZ-13 (Si/Al = 6, 0.891 g) was pretreated at 698 K for 6 h
and placed into a cylindrical Vanadium can in a dry He box.
The vanadium can was sealed with an indium O-ring. Residual
He inside the vanadium can was removed using a turbo
molecular pump prior to the diffraction experiment. The
temperature of the sample was set to 10 and 300 K using a
closed cycle He refrigerator.

D, adsorption onto pretreated samples was performed by
calculating the precise amount of D, need to achieve D,/Cu =
0.5. D, was loaded at 300 K and then cooled to 10 K for the
diffraction experiment.

Rietveld refinement of the collected pND data were
performed using the GSAS” package along with EXPGUI
(graphical user interface).”® In the Rietveld refinement of the
pND data, a hexagonal unit cell with the space group R3m was
used. Cu(I1)-SSZ-13 (Si/Al = 12) pND data was used as
starting atomic coordinates for chabazite (CHA) framework.”
After setting the experimental background manually, it was
fitted using Shifted Chebyschev equations using 12 parameters.
Peak profile terms (using pseudo-Voigt function with Finger—
Cox—Jephcoat asymmetry) and unit cell parameters were fitted
using Le Bail method. Atomic positions, occupancies, and
thermal displacement parameters (U) were then fitted using
Rietveld refinement and using soft constraints on tetrahedral
bond lengths (T—O). The tetrahedral bond length (T—0) was
set to 1.61 + 0.03 with the restraint weight of 50. The
occupancies of each framework and extra-framework atom
were refined without using constraints for the diffraction data
obtained with D, loading. Cu occupancies for bare Cu-SSZ-13
were then fixed to the refined values obtained from diffraction
data with D, adsorption.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. Characterization of Na-
§$SZ-13 and Cu(I)-SSZ-13 samples by powder X-ray
Diffraction showed that Cu(1)-SSZ-13 and Na-SSZ-13 zeolites
were pure chabazite samples with high crystallinity (Figure 1).
The solid-state exchange of CuCl and further heating up to a
temperature of 1023 K did not result in degradation of the
samples’” XRD patterns. Refined rhombohedral unit cell
parameters (a, @) for Na and Cu(I)-exchanged zeolites are
given in Table S1. Na- and Cu(I)-SSZ-13 with an Si/Al ratio of
6 have higher unit cell volumes (805 and 799 A% respectively)
than Na- and Cu(I)-SSZ-13 with an Si/Al ratio of 12 (785 and
786 A® respectively) due to higher concentration of Al having
longer Al-O bonds in SSZ-13 (Si/Al = 6) (dy_o: 1.73 A and
dg_o: 1.61 A).*° Cu-[B]-SSZ-13, on the other hand, has a
smaller unit cell volume (767 A*) due to shorter B—O bonds
(dg_o: 1.51 A)*' than Si—O bonds.

Commonly used Cu-exchange methods on zeolites are
Cu(II) exchange in aqueous solutions and the solid-state®>**
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Cu-55Z-13 (Si/Al = 6) 1023 K
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Figure 1. Powder XRD pattern of Na-SSZ-13 (Si/Al = 6 and 12), Cu-
§SZ-13 (Si/Al = 6 and 12), and Cu—[B]-SSZ-13 (Si/B = 23), Cu Ka,
A=15418 A,

or vapor-phase'***™*7 exchange of Cu(I) salts. Cu(II)
exchange in aqueous solutions results in Cu(II)/Al ratios
always smaller than 1 due to the Cu(II) exchange near two Al
sites. It is possible to achieve Cu(I) exchange extents of up to
Cu(I)/Al = 1°* using the solid-state or vapor-phase exchange
of CuCl. Here, solid-state Cu(I) exchange of SSZ-13 resulted
in 97% and 98% Cu(I) exchange for Si/Al = 6 and Si/Al = 12
samples (Table S2), equivalent to 13.2 and 8.6 wt % Cu (2.07
and 1.33 mmol Cu g') respectively.

The reaction between the Bronsted acid sites of ZSM-5 and
CuCl occurs at a temperature of 573 K based on the
observation of HCI vapor at that temperature.”® However, the
solid-state or vapor-phase exchan§e of CuCl results in residual
Cl inside the zeolite pores.***** Solid-state CuCl-exchanged
ZSM-5 (Si/Al = 11) contains 0.48 Cl/Al even after 40 h heat
treatment in He at the temperature of 823 K.** Chlorine was
also observed in the final product for all Cu(I)-exchanged
samples prepared here. One way to decrease the concentration
of Cl residuals is to flow an inert gas at high temperature after
the CuCl exchange.”> We found that 10 h treatment at a
temperature of 823 K was not sufficient to eliminate all the
CuCl occluded in the crystals. Increasing the treatment
temperature to 1023 K for CuCl exchange of SSZ-13 (Si/Al
= 6), on the other hand, resulted in a lower chlorine content
(CI/Al = 0.06), together with lower Cu(I) present in the
sample (Table S2).

A lower concentration of Na in SSZ-13/12 resulted in a
higher available micropore volume (0.265 cm® g') for
adsorption compared to Na-SSZ-13/6 (0.233 cm® g™') (see
Table 1 and Table S2). For Cu(I)-exchanged samples, chlorine
together with high Cu(I) concentration reduced the micropore
volumes (0.183 cm® g™') with respect to those of Na-
exchanged zeolites. Higher micropore volumes were observed
with lower Cu content as in Cu(I)-[B]-SSZ-13 sample (0.248
cm’® g7').

3.2. H, Adsorption Isotherms. At 303 and 77 K, Cu(I)-
§SZ-13/6 and Na-SS§Z-13/6 showed higher H, adsorption
capacity on a per gram basis than Cu(I)-SSZ-13/12 and Na-
SSZ-13/12 due to the higher concentrations of Na and Cu(I)
cations (see Figure 2). When the H, adsorption capacity per
mol of Cu cation was calculated, Cu(I1)-SSZ-13/6 and Cu(I)-
§SZ-13/12 had comparable adsorption capacities at similar
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Table 1. Total and Excess H, Adsorption Amounts per Gram of Adsorbent and per cm® of Pore Volume at an Equilibrium

Pressure of 1 atm and Temperature of 303 K

total adsorption excess adsorption

adsorbent (mmol H, g7') (mmol H, g7')

Cu(1)—[B]-SSZ-13 0.250 0.240
Cu(1)-SSZ-13/6-1023 K 0.232 0.223
Cu(1)-SSZ-13/6 0.208 0.201
Na(1)-SSZ-13/6 0.077 0.068
Cu(1)-SSZ-13/12 0.120 0.113
Na(1)-SSZ-13/12 0.0220 0.012
Cu(1)—ZSM-5/12 0.185 0.181
Cu(1)-ZSM-5/227 0.201

MOF-177° 0.160
MOE-5¢ 0.096

Fe-BTT¢ 0.115 0.020

micropore volume

excess adsorption excess adsorption

(em® ') (mol H, mol™! Cu) (mmol H, cm™3) ref
0.248 0.522 0.968 a
0.239 0.158 0.933 a
0.182 0.097 1.104 a
0.233 0.027 0.292 a
0.183 0.085 0.617 a
0.265 0.010 0.045 a
0.113 0.190 1.602 a

14
1.720 0.093 42

7
0.715 0.028 43

“Adsorption at 1 atm and 303 K, this work. bAdsorption at 1 atm and 293 K. “Adsorption at 4.3 bar and 298 K. dAdsorption at 5.2 bar and 298 K.

“Adsorption at 2.09 bar and 298 K.
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Figure 2. H, adsorption isotherms for Na—- and Cu(I)—-SSZ-13
samples at 303 K. Sample names are given in M-SSZ-13/xx format,
where M represents the cation type and xx represents the Si/Al ratio.

conditions (0.097 versus 0.085 respectively, Table 1). At 303
K, Cu(I)-[B]-SSZ-13 showed remarkable H, adsorption
capacity both per gram basis (g, mmol H, g™') and per mol
of Cu (mol H, mol™" Cu), reaching 0.05 wt % H, adsorption
capacity at 1 atm H, pressure.

H, adsorption capacity of metal organic frameworks and
other potential H, adsorbents is not often reported at room
temperature and at atmospheric pressure. Instead, adsorption
capacities at higher pressures compensate for the low
adsorption enthalpy values (—4 to —12 kJ mol™") observed
on metal organic frameworks."' Therefore, H, adsorption
capacities of zeolites obtained at room temperature and 1 atm
H, pressure here are compared to those for the metal organic
frameworks at higher pressures (Table 1).

Cu(1)-$8Z-13/6, Cu(1)-SSZ-13/6-1023 K, and Cu(I)-[B]-
SSZ-13 samples showed total and excess H, adsorption
capacities (per gram basis) that are higher than Cu(I)-ZSM-
S at 1 atm and still higher than those of MOF-5, MOF-177,
and Fe-BTT at pressures higher than 2 bar (>0.201 mmol H,
g~ on Cu(I)-SSZ-13/6 at 1 atm versus 0.096, 0.160, and 0.115
mmol H, g”' at P > 2 bar, Table 1).

The differential heat of H, adsorption was found between 48
and 16 kJ mol H, " for Cu(I)-SSZ-13/6 (Figure 3) at 323 K
between pressures of 1.2 kPa (~0.01 atm) and 20.3 kPa (0.2
atm). The observed differential heats are remarkably close to
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Figure 3. Differential heat of H, adsorption on Cu(I)-SSZ-13/6
obtained using a Tian—Calvet-type microcalorimeter at 323 K.

the theoretically calculated H, binding energies at the Cu(I)
sites on the 8MR (56 kJ mol™") and on the 6MR, respectively
(13 KJ mol™),"” even though observed values could still
represent the statistical averages of adsorption heats at different
adsorption sites. Note that the heat of adsorption stabilizes
around 16 kJ mol H, ™" after 9 kPa (corresponding H,/Cu ratio
of 0.02) indicating a dominant binding energy of 16 kJ mol ™",
which is close to the optimal H, adsorption enthalpies for
zeolites (—22 to —25 kJ mol™") determined for maximum H,
delivery by adsorption at a loading pressure of 30 bar and
desorption at 1.5 bar at ambient temperature.® Observed
differential heats of H, adsorption on Cu(I)-SSZ-13 are greater
than the low adsorption enthalpy (—4 to —12 kJ mol™") found
for metal organic frameworks. This is consistent with the larger
adsorption capacity of Cu(I)-SSZ-13 at ambient conditions.
The isosteric heat of adsorption was also investigated for
Cu(I)-[B]-SSZ-13 at constant H, loadings between 0.04 and
0.37 H,/Cu(I) (at temperatures between 303 and 323 K) and
found to be between 20 and 55 kJ mol™" (Figure SS5). When
the two samples are compared on a H,/Cu basis, the H,
binding energy on Cu(I)-[B]-SSZ-13 is higher than Cu(I)-
SSZ-13, showing an isosteric heat of adsorption of about 50 kJ
mol™! for H,/Cu ratio from 0.04 to 0.15, which levels off to
~20 kJ mol™! at H,/Cu loading of 0.39. This higher binding
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energy is consistent with the higher H, adsorption capacity of
Cu(I)-[B]-SSZ-13 when compared to Cu(1)-SSZ-13 at 303 K
(see Figure 2).

At the temperature of 77 K, H, adsorption capacities of
Cu(I)-exchanged zeolites were compared to Na-SSZ-13/6 and
Na-SSZ-13/12 (Figure S6) and to MOEF-5, MOF-177,
IRMOF-8, and IRMOF-11 (Table SS). Cu(I)-[B]-SSZ-13
and Cu(I)-SSZ-13/6—1023 K resulted in capacity values at 1
atm higher than MOF-5, MOF-177, and comparable to
IRMOE-8 and IRMOF-11 (1.34 wt % H, on Cu(I)-SSZ-13/
6—1023 K versus 1.60 wt % H, on IRMOF-11) despite the
lower pore volumes of zeolites. At this temperature, more
notably in the lower pressure region, Na-SSZ-13/6 and Na-
SSZ-13/12 adsorbed more H, molecules than Cu(I)-
exchanged samples with the exception of Cu(1)-SSZ-13/6—
1023 K and Cu(I)-[B]-SSZ-13 at higher pressures (Figure S6).
The higher adsorption capacity of Cu(I)-exchanged samples at
303 K than at 77 K are explained in terms of temperature-
dependent cation migration in the next section.

3.3. Powder Neutron Diffraction (pND). Cation
locations on the CHA framework have been reported (i) at
the center of the d6MR (site I), (ii) at the 6-ring of the d6MR
(site II), (iii) at the window of the 4MR (site III), and at the
window of the 8MR (site III').**

We investigated Cu(I) cation location and the unit cell
parameters of Cu(I)-SSZ-13/6 using powder neutron
diffraction at 10 K (see Table S7) and at 300 K (Table S8)
in vacuo and after D, adsorption (Table S9). Two Cu locations
were identified by Rietveld refinement for Cu(1)-SSZ-13/6 at
these conditions. At 10 K, copper was observed in site II
(Cul), centered between three O1 atoms with a mean distance
of 2.196(5) A, and another copper was observed in site III’
(Cu2, Figure 4) with Cul/Cu2 ratio of 0.91. At this

4&0
o

D
4 A

8,

Site IIT”

Cu2 o
w" i
<

t Site II

M
¢ o

~o~

Figure 4. Illustration of Cu(I)-SSZ-13 (Si/Al = 6) with two copper
positions: Cul at site II and Cu2 at site III'.

temperature, Cul was displaced 0.04 A away from the plane
of O1 atoms in the ¢ axis of the hexagonal unit cell. The second
Cu(I) site was at the window of 8MR (site III') (Cu2) with a
Cu2—02 distance of 2.21(6) A (Table 2), close to 2.06 A
calculated for the second most preferable (stable) location of
copper cation using B3LYP periodic methods."”

At 300 K, a 11.1 A3 of decrease in the unit cell volume (i.e., a
negative thermal expansion) was observed with cell parameters
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Table 2. Bond Distances and Unit Cell Parameters
Obtained via Rietveld Refinement of pND Data of Bare
Cu(I)-SSZ-13 (Si/Al = 6, Cu,Alg ;,Siz0560-,) at 10 and 300
K and pND Data Obtained at 10 K with D, Loading at 300

K, R3m“

bare, 10 K D, loading, 10 K bare, 300 K
Cul-01 2.196(5) 2.224(6) 2.195(6)
Cu2—-02 2.21(6) 2.22(2) 2.28(3)
Cu2—-04 2.3(1)
Cul-D1 2.3(1)
Cu2—-D2 2.41(1)
Cu3-D3 23(2)
a (A) 13.6197(5) 13.6235(5) 13.6055(5)
c (A) 15.0546(8) 15.0332(9) 15.0169(9)
vV (A% 2418.4(2) 2416.4(2) 2407.3(2)
7 1.170 1.025 0.9957
R, (%) 4.73 425 4.58
wR,, (%) 5.75 527 5.56

“Values in parentheses indicate one standard deviation in the prior
digit.

of a = 13.6055(5) A and ¢ = 15.0169(9) A (Table 2). At this
temperature, the Cu(I) cation at site II and four oxygen atoms
were refined using anisotropic Debye—Waller factors. The
Cu(I)—O1 distance was 2.195(6) A with a 0.19 A displace-
ment from the O(1) plane (larger than the 0.04 A found at 10
K). Cu2—02 and Cu2—04 distances refined to 2.28(3) and
2.3(1) A (Table 2), longer at 30 K than at 10 K. These more
exposed locations of Cu(I) cations (that migrated toward the
chabazite cage) at site III’ and the anisotropic movement of
Cul at site II with increased thermal energy are likely the
origin of the higher adsorption capacity of Cu(I)-SSZ-13 at
303 K than at 77 K.

H,—Cu(I) interactions were investigated by loading D, on
Cu(1)-SSZ-13 at 300 K. Two different Cu(I) locations near
site II were observed from the neutron diffraction data
obtained at 10 K. One site (Cul) was at the plane of the O1
atoms of the 6MR, and another Cu(I) cation (Cu3) was
observed 1.1 A away from the 6MR window (Figure S). This
unexpected migration of Cu3 away from site II is probably
related to the strong interaction of Cu(I) with D,, resulting in
Cu3—D3 bonds with a refined distance of 2.3(2) A. Another
interaction was observed between D2 and Cu2 (at the SMR
window, site III') with Cu2—D2 distance of 2.41(1) A (Table
2). The refined Cu—D distances in our samples are comparable
to the 2.23(S) A found for Co,(m-dobdc) where an isosteric
heat of adsorption of 11.5 kJ mol™" was calculated.'” The large
standard deviations in the refined Cu—D distances prevents
the comparison of the D, and Cu(I) interaction strength at site
IT and site IIT".

Accessibility of the extra-framework cation to H, is as
important as Cu(I) distribution for the determination of H,
adsorption capacity. Half of the copper cations in Cu(I)-SSZ-
13/6 were found at site II. At 10 K, Cu(I) at site I was 0.04 A
away from the O1 plane with the Cu—O distance of 2.196(5)
A. Using a 1.35 A Shannon radii for the oxygen framework
atom and 0.6 A radii for the Cu(I) cation, it appears that the
majority of Cu(I) cations are shielded by Oy, atoms at low
temperatures. Sodium cations, on the other hand, having a
Shannon radii of 1.02 A, were located 0.83 A away from O(1)
atomic plane.** At this position, H, can easily adsorb on the
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Site I

30K

D2 Loading at 300 K

Figure S. Illustration of Cu(I) at site II determined from pND measurements of Cu(I)-SSZ-13/6 at 10, 300, and at 10 K following D, loading at

300 K.

Na cation at site II unlike Cu cation. This difference explains
the higher H, adsorption capacities observed for Na-SSZ-13
than for Cu(I)-SSZ-13 at 77 K (Figure S6).

The anisotropic atomic displacement factors of Cu(I) cation
at site II (along [001]) together with the 0.19 A displacement
from the O(1) plane at 300 K indicate a detachment of the
Cu(I) cations from the O atom shielding, which resulted in
stronger interaction of Cu(I) and D, and a guest-induced
Cu(I) migration (1.1(2) A, Figure 5) at site II. Guest-induced
cation migration is not uncommon for Cu(I)-containing
zeolites (such as Cu(I)—Y). For example, Palomino et al.
reported displacement of Cu(I) cations up to 0.975 A in the
presence of CO at 80 K. Shang et al. suggested that the
degree of guest-induced migration is related to the electronic
quadrupole moments and polarizability of the guest molecules
that could increase the cation-guest molecule interaction.** In
our case, formation of Cu—H, complexes renders H, a
potential “strong” guest molecule especially at near room
temperature, which explains high H, adsorption capacities of
Cu(I)-SSZ-13 zeolites at 303 K (Figure 2). This realization can
be used as a guiding principle for the design of improved H,
adsorbents on Cu(I) containing materials.

4. CONCLUSIONS

Improved H, storage to fulfill the targets set for the fuel-cell
vehicles requires adsorbent properties like high surface area
and a large heat of adsorption to increase the H, adsorption
capacity at practical conditions. We have showed that an
optimal heat of adsorption is viable on Cu(I)-exchanged SSZ-
13 that improves the H, adsorption capacity up to 0.05 wt % at
a temperature of 303 K and a pressure of 1 atm. The
differential heat of adsorption and the isosteric heat of H,
adsorption values between 16 k] mol H, ™" and 55 kJ mol H,™
enabled H,/Cu ratios on Cu(I)-SSZ-13 and Cu(I)-[B]-SSZ-13
reaching 0.5 (0.05 wt % capacity) at these conditions.
Powder neutron diffraction studies reveal two different
Cu(I) sites; one at the 6-ring window of the d6MR and one at
the window of the 8MR. Strong H, interactions with Cu(I)
cations are confirmed by identified D, adsorption sites at 300
K, which resulted in Cu—D distances as short as 2.3(2) A.
The effect of temperature on the molecular structure of
Cu(I)-SSZ-13 was monitored using pND, and we found that at
lower temperatures (10 K) Cu(I) cations at the window of the
6-membered ring were shielded by framework oxygen atoms
with Cu—Ogmework distances of 2.196(5) A, resulting in lower
H, adsorption capacities than Na-SSZ-13 at 77 K. At a more
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practical operating temperature of 303 K, these Cu(I) cations
were observed to migrate toward the chabazite cage and
become more accessible by H, molecules. Therefore, if H,
storage systems were operated at lower temperatures aiming
for higher H, adsorption capacity, investigation of zeolites
excluding 6-membered rings is required. However, at 303 K,
for Cu(I) the shielding effect of the neighboring oxygen atoms
becomes negligible by the temperature dependent Cu
migration, making Cu-SSZ-13 a potential H, storage material
at around room temperature with optimal H, interaction

strength.
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